Introduction
The 19th Annual General Meeting of the Developing Countries Vaccine Manufacturers Network (DCVMN) in Kunming, China, gathered around 315 professionals -30% of which were femalefrom 34 countries, 41 corporate manufacturers, 14 corporate partners, and local and global health organizations. The meeting aimed to tighten collaborations, deepen understanding, and enhance partnerships, contributing to future vaccine development and manufacturing. This report provides a summary of major points discussed throughout the meeting. DCVMN President, M. Datla, thanked the Institute of Medical Biology, Chinese Academy of Medical Sciences, for hosting the event and welcomed representatives from WHO, UNICEF, PAHO, PATH, CEPI, CHAI, Gavi, IVI, GHIF, AVAREF, NIBSC, Intravacc, Imperial College London, and BMGF 1 joined the Network, bringing the total to 54 corporate members; six vaccines from five member companies received WHO prequalification (WHO PQ); and members endorsed a five-year strategy to strengthen capabilities to produce a sustainable supply of vaccines.
C. Lou (Science and Technology Department), Y. Xu (Yunnan Health Commission) and J. Ju (Medical Product Administration of Yunnan Province) encouraged experts and entrepreneurs to advance industrial technology systems, promote international certification of vaccines and establish a production and supply base that meets international standards. Working together, international organizations, national health administrations and vaccine manufacturers can strengthen partnerships for health.
M. Simao (WHO) noted that life expectancy was extended by 25 years in the last decade; however, health inequities persist within and between countries, and challenges have expanded to industrialized countries. WHO's new strategy 2019-2023 [1] aims to address inequities to ensure higher healthcare coverage, prevent emergencies and promote better health for a further three billion people, at all ages. As of October 2018, there were Ebola, Cholera, Yellow Fever (YF) and Meningitis outbreaks in nine countries [2] . Vaccines can address health emergencies; however, only 30% of national regulatory authorities (NRAs) globally can perform core regulatory functions to provide efficient oversight of registration, including the assessment, quality control and post-marketing surveillance of vaccines. This can lead to delayed, access to prevention in emergency situations, thus the need to rely on international mechanisms for product regulation, including the WHO Collaborative Registration Procedure (CRP) [3] .
Public and private partnerships to enhance access to vaccines
A. Oswald (BMGF) interviewed Bill Gates (by recorded video), reflecting on achievements of the first Decade of Vaccines. Since the 1990s, annual child mortality decreased from over 11 million to around 5 million currently 2 . ''In saving children's lives there is nothing as phenomenal as vaccines", said Mr. Gates. In this context, ensuring simple procurement practices and guaranteed supply, avoiding fragmentation, working on policies and technical advice for countries, as well as stockpiles, should help drive global and regional vaccine uptake, increasing access to vaccines for everyone. In general, some redundancy in manufacturing is needed to ensure economies of scale and sustainable global supply capacity if one factory goes offline. He commended DCVMN companies for exploring state-of-the-art manufacturing technologies and stated that BMGF is committed to a strong dialogue and willing to share risks that make a difference to global health. Mr. Gates concluded: ''we are looking forward to the partnerships we can have over the next decade".
S. Davis (PATH) explained how PATH's extensive vaccine innovation and access capabilities can support manufacturers and other partners through end-to-end partnerships, from lead identification and preclinical studies, to process development, clinical trials and registration, to WHO prequalification, introduction and global access efforts. Examples included partnerships with Serum Institute of India (SII) on MenAfriVac, Bharat Biotech on Rotavirus, CDIBP 3 on Japanese encephalitis (JE) and Beijing Biotech Institute on Oral Polio Vaccine (OPV) to achieve WHO PQ and supply global markets. PATH relies on its partnerships with industry, research institutes, foundations, and regulators, and success is based on experience and trust. E. Kadilli (UNICEF) highlighted significant progress on reducing child mortality over the past 30 years, with immunizations as key contributor. Achievements have been facilitated through strong partnerships, including with vaccine manufacturers, across four streams of work: procurement and market shaping; supply planning and coordination; country support and sustainability; and strengthening country ownership and long-term immunization sustainability through funding e.g. Gavi co-financing. However, achieving the Sustainable Development Goal targets for child mortality by 2030 [4] requires innovations, including programmatic intelligence, understanding the barriers and deepening insights to leverage partnerships with the private sector to increase immunization rates (Fig. 1 ).
J. Chu (CHAI) led a discussion on enhancing partnerships to accelerate vaccine innovation, by illustrating that lives could be saved through improved success in the development of innovative vaccines (Fig. 2 ).
M. Zuma (BioManguinhos) described three success factors for technology transfer initiatives to introduce new vaccines: innovation throughout the transfer process when establishing manufacturing in a new location; mutual trust between partners to share development information, production capacity, industry expertise and capabilities to innovate; and a supportive environment, including large public markets and government purchasing power.
S. Davis (PATH) added that innovation also includes packaging, distribution tools and addressing next-generation technology transfer and business models. He stressed that manufacturers need incentives to innovate, even with open-source intellectual property approaches and tiered pricing models.
M. Simao (WHO) commented that collaborations to achieve WHO PQ are partnerships that help encourage innovation. P. Tippoo shared Biovac's engagements with WHO, PATH, and BMGF towards building vaccine development and manufacturing capacity in South Africa. He highlighted that building partnerships takes time, explaining that it took more than three years before launching the development of a novel Group B Streptococcus vaccine. Access to training and experts allowed the project to ramp up quickly.
H. Iyer (BMGF) highlighted that a key challenge for manufacturers is to assess the potential of new vaccines. Future challenges include mRNA vaccines, biomarkers, adaptive clinical trial design and human challenge models for infection.
Panelists encouraged manufacturers to leverage their innovation capabilities through partnerships.
Procurement and globalization of vaccines
E. Baker (Gavi) discussed major global vaccine market trends and estimated changes that will impact vaccine financing and procurement methods (Figs. 3A and 3B). It will become increasingly challenging for global actors to operate in this environment, not only due to changes in source of financing and increasing costs of immunization programs, but also due to uncertainties around procurement channels (see also Figs. 3A and 3B legend).
B. Giersing (WHO) remarked that Gavi financing played a big role in access to traditional and newer vaccines. Financing will be crucially important for vaccines lacking a dual market (public and private markets or developing and industrialized markets). However, as Gavi countries develop self-financing capacity, a lower rate of vaccine uptake was observed in the past [5] and can be addressed through new procurement mechanisms.
A. Ottosen (UNICEF) mentioned innovative procurement approaches such as shifting to multi-year tenders, 10-year contracts for pneumococcal conjugate vaccines (PCV) and multiphased tenders, all implemented following consultations with 2 industry, aiming to achieve vaccine security, including a diverse supplier base. UNICEF procurement considers price, but also other factors that contribute to ensure sustainability of markets and access to vaccines for immunization programmes. J. Fitzsimmons (PAHO Revolving Fund) commented on collaborative approaches for shared demand forecasting of vaccines against regional epidemics, illustrated by WHO's Eliminate Yellow Fever Epidemics (EYE) 4 Initiative and the International Coordinating Group on Vaccine Provision 5 . In 2017, this mechanism facilitated access to additional supply of YF vaccines for procurement during a constrained global supply situation. D. Hein (Gavi) emphasized that the global vaccine market value doubled in the last decade because of innovative vaccines and attractive prices in high income countries (HICs). However, the value of traditional vaccines stagnated and some outbreak vaccines lack markets in HICs. Manufacturers operating in these segments face volatility and unpredictability, besides regulatory fragmentation. Gavi's approach is aggregation and long-term visibility for financing.
R. Iqbal (BMGF) reflected on supply factors that shape globalization. BMGF invests in vaccines to ensure an adequate supply base, aligning with Gavi principles for healthy markets, minimizing shortage risks and increasing market sharing among manufacturers, fostering multiple supply options. BMGF also invests in manufacturing technology platforms that reduce production costs.
Funding landscape for vaccines
G. Rockman (GHIF) introduced examples of capital sources for the development of new vaccines, noting the difference between funding, that doesn't need repayment, and financing, that seeks a financial return. He outlined the profile of CEPI, BMGF-SIF and GHIF funding ( Table 1 ) before opening the discussion, noting that GHIF will scale up its efforts to finance global health technologies with new sources of capital in 2019, and will rebrand itself as Adjuvant.
F. Kristensen (CEPI) provided an overview of the coalition's development of vaccines against priority pathogens -the Middle East Respiratory Syndrome (MERS), Lassa and Nipah viruses, and platforms for rapid vaccine development against any new threat. CEPI's mission is to enable equitable access to these vaccines for affected populations during outbreaks through being both a funder and a facilitator for improved preparedness, response and sustainability.
J. Yip (BMGF) shared the features of SIF in guarantees, loans, fund investments, and equity investments in addition to core grants and contracts with manufacturers for R&D and other product improvements. SIF investments focus on infectious diseases affecting disadvantaged populations. Since 2009, SIF has invested US$1.9 billion in over 70 companies and academic laboratories, fostering product development and delivery.
M. Datla (Biological E) commented on R&D funding and financing changes over the last decade in India. Previously, there was no venture capital for vaccines, so grants were critical. Grant funding is mission-oriented, restrictive, with financial objectives, usually leading to access agreements to lower prices for a specific Fig. 1 . Illustration of 15 global immunization targets set by UNICEF and global stakeholders to further reduce child mortality, to be achieved from 2020 to 2030. Based on these examples of desirable outcomes, UNICEF is shifting its approach to also engage pre-licensure, including with the private sector and at the executive level, advocating for required investments to meet the future needs of children and adolescents, and to consider the entire ecosystem. The relative level of difficulty to achieve these targets is reflected on the Y axis and time to achievement is shown on the X axis. The size of bubbles denotes the potential impact should goals/targets be achieved. Access to affordable PCV for middle income countries may be the next high impact achievement. Size of bubbles denotes the potential impact should goals/targets be achieved. volume or time window. Private equity requires 3-5-year cycles and is therefore not ideal for vaccines.
S. Prasad (Bharat Biotech) stated that one significant grant helped to advance manufacturing of Rotavirus vaccines. Investments are based on predictability; however, it is often difficult to measure financial success parameters, leading to unpredictable rate of return on investments on vaccines without long-term supply contracts.
Vaccine research and development
V. Pavliak (IVI) invited experts to comment on innovations to foster vaccine affordability. D. Robinson (BMGF) commented that innovative simplified processes can translate into capital savings and product costs in the developing world. Further, the recently founded Gates Medical Research Institute (GMRI) will take a small biotech approach to innovation for drugs, diagnostics and vaccines, to be transferred to manufacturers, focusing on diseases affecting the developing world, prioritizing TB, HIV, and malaria.
R. Shattock (Imperial College London) noted that industry typically finalizes the manufacturing process before conducting clinical trials, which are expensive and time consuming. Trials that do not require fixed manufacturing processes, applying adaptive clinical trial design, offer a promising alternative.
D. Dat added that Vabiotech transferred Oral Cholera Vaccine (OCV) technology to IVI, to develop a high-quality vaccine through clinical trials in various populations. The optimized manufacturing technology expanded the manufacturing capacity and was transferred to other interested manufacturers.
A. Tomar (Cadila Biologicals) explained that efficient and lowcost manufacturing must ensure enough production capacity to achieve economies of scale. Procurement systems influence the manufacturing process, thus it is critical to engage with the appropriate stakeholders to increase awareness and ensure a market for new products. Cadila will license a new Rabies vaccine thanks to successful partnerships.
R. Suri (Panacea) added that affordable vaccines require a longer-term approach that considers sustainable manufacturing costs. An innovative example is a process change for Inactivated Polio Vaccine (IPV) which reduces the cost by tenfold.
Panelists concluded that manufacturers can add value to future vaccines.
Future vaccines
D. Robinson (BMGF) illustrated innovation through supported proof-of-concept studies of Univercells' modular manufacturing platforms for vaccines, antibodies or proteins [6] . The low capital costs of the platforms facilitate engagement of regional and local manufacturers. GMRI will also address proof-of-concept studies to develop new diagnostics, drugs, and bioproducts. Furthermore, a well-trained workforce will ensure that high quality is top priority for manufacturers.
R. Suri (Panacea) summarized the ten-year effort to bring a fully liquid wP 6 -IPV-based Hexavalent vaccine to the market. After proving safety and tolerability, an open-label, randomized, multicenter study showed non-inferiority seroprotection in 6-10-week-old infants, achieving broad and long-term protection compared to licensed combination vaccines [7] . The vaccine was approved by the Indian NRA.
R. Dhere (SII) mentioned that thermostable ACYWX Meningitis vaccines are most suitable to prevent future outbreaks. Despite a significant drop of Meningitis type A cases through vaccination since 2010, increased cases related to serogroups C-Y-W-X were observed in Africa [8] . Thus, polysaccharide conjugation [9] and serogroup-specific cell banking were developed for uniform highyield growth kinetics. Safety and immunogenicity of the ACYWX vaccine was confirmed [10] . Efficacy studies will start in 2019, aiming for WHO PQ in 2020. Preliminary studies to add serotype B have started.
S. Yang (Walvax) revealed the immunogenicity and safety profile of a 13-valent PCV for infants in a randomized, double-blind controlled clinical study, demonstrating non-inferiority compared to Prevnar 7, the only licensed vaccine in China in 2016. The vaccine is likely to be licensed by 2019. A lot-to-lot consistency and non-inferiority study of the PCV-13, will compare it to Prevnar 13, licensed in China last year. L. Du (Zhifei) described the development of a vaccine against Shigella, the second leading cause of diarrhea worldwide, causing 1.31 million deaths annually [11] . A bivalent Shigella conjugate vaccine candidate is being developed, using the O-polysaccharide from LPS conjugated to carrier protein with two strains: Shigella flexneri 2a and Plesiomonas shigelloides. Early studies in healthy subjects to identify dosage and immunization schedule are underway.
Y. Che (IMBCAMS) presented a new live attenuated Mumps vaccine to address re-emerging outbreaks related to F genotype SP viral strain. Virus shedding studies indicated a favorable safety and immunogenicity profile. In 2017, a Phase II trial demonstrated non-inferiority of seroconversion of neutralizing and hemagglutination-inhibiting antibodies, and significant increase in cellular immunity. Efficacy studies will follow. C. Kirkwood (BMGF) acknowledged the Rotavirus vaccinesdriven improvement in child health and highlighted efforts towards improving vaccine performance and delivery. Despite the good safety profile of four WHO PQ live attenuated oral rotavirus vaccines, 90 million children worldwide still lack access [11] , and intussusception and lower efficacy remain a concern in some countries. Biofarma is developing a G3P [6] strain oral vaccine with 3-dose schedule, showing excellent protection against rotavirus gastroenteritis [12] . Injectable non-replicating vaccines may improve the safety and efficacy and could be used in combination vaccines. Two candidates are being developed: a trivalent nonreplicating rotavirus vaccine expressed in E. coli, developed by PATH -SK Bioscience as partner-showed good safety and immunogenicity (e.g. neutralizing antibodies) in human clinical studies [13] , clinical protection will be evaluated. The inactivated whole-virus particle Rotavirus vaccine developed by the U.S. CDC -SII as partner -showed protective immunity in animals.
S. Kumar (Zydus Cadila) introduced a novel monoclonal antibody (mAb) cocktail for post-bite prophylaxis against rabies infections. The rabies virus progresses from peripheral tissues to the spinal cord, causing brain inflammation and fatal paralysis. Immediate wound wash followed by rabies vaccine and antirabies-immunoglobulin (RIG) neutralize the virus and protect against the disease. RabiMabs is a cocktail of two serum-free, anti-G protein, monoclonal antibodies, IgG1 and IgG2b, neutralizing viruses isolated from many countries and animals. Clinical data from a randomized, multicentre, open label comparator-controlled study demonstrated safety, tolerability and efficacy when coadministered with rabies vaccine, VaxiRab N, indicating noninferiority to Imogam [14] .
S. Missailidis (BioManguinhos) described a new YF vaccine production process aimed at doubling its capacity, and the development of a purified YF vaccine made from 17DD virus strain in Vero cell culture, inactivated with b-propiolactone. Production capacity of the latter was increased through a scale-up process optimized by GE Healthcare technology, and antibiotic-free formulation improved its quality. Furthermore, BioManguinhos initiated three parallel Zika vaccine projects to allow comparative clinical trials: a Vero-cells inactivated virus vaccine for pregnant women during epidemics, an attenuated vaccine and a recombinant chimeric virus of the YF 17DD strain expressing Zika virus proteins. Immunogenicity and neurovirulence in non-human primates were studied.
W. Meng (Sinovac) shared the clinical development of Sabin IPV (sIPV), facilitated by WHO. Two products were designed: pure sIPV and alum-adjuvanted sIPV for multi-dose vials. Phase 2 clinical studies showed >95% seroconversion rate and high GMT values proportional to antigen dosage. Non-inferiority phase 3 studies comparing Sabin IPV to Salk IPV are underway, aiming for WHO PQ and approval in 2021.
J. Shih (Innovax) discussed Hepatitis E and cervical cancer vaccines. Hepatitis E outbreaks in Africa and Southeast Asia showed serious risks for pregnant women [15] . The vaccine, produced in E. coli from genotype 1, showed cross protection against genotype 4, and is approved in China and Pakistan. A Phase I trial is planned in the United States. A bivalent HPV16/18 vaccine targeting 9-45-year-old females, also produced in E. coli, showed safety and efficacy in clinical studies compared to similar bivalent and quadrivalent HPV vaccines. Studies in adolescent girls, with 2-dose schedule, showed comparable immunogenicity to 3 doses. A 9-valent vaccine is planned.
A. Precioso (Butantan) reported on a second-generation recombinant Dengue vaccine. Dengue is caused by antigenically distinct serotypes 1, 2, 3 and 4, with most endemic countries reporting circulation of all four serotypes. Infection with one serotype confers lifelong immunity to that serotype (homotypic protection) while cross immunity to other serotypes (heterotypic protection) persists for one or two years. Most severe dengue cases are observed with secondary heterotypic infection and antibody-dependent enhancement [16] . The live attenuated lyophilized vaccine ( Fig. 4) was safe, immunogenic and well tolerated and is undergoing a randomized, multicentre, double-blind, placebo-controlled Phase III trial in Brazil, with one dose given subcutaneously to subjects 2-59 years old.
[17] This vaccine has 32 antigens and is expected to confer at least 80% protection against symptomatic disease. Previous dengue exposure was not associated with adverse reactions.
Future quality Control (QC) assays and international standards: Technology transfer initiatives
U. Rosskopf (WHO) introduced the Global WHO-National Control Laboratory (NCL) Network for Biologicals, established in 2016. Responsible NRAs/NCLs provide rigorous oversight of vaccines by testing thousands of vaccine lots against approved specifications. The Network promotes exchange of technical information, predominantly on testing of WHO PQ vaccines; efficient use of resources; and mutual recognition of lot release, thereby reducing costs, minimizing risk of inaccurate results and fostering 3R principles 7 [18 19 20] . In 2017, a shared electronic platform was created for Network members to exchange quality and technical information in a confidential setting. The Network comprises NCLs of vaccine-producing countries, WHO test laboratories, NRAs/NCLs of countries that receive UN-procured vaccines (and also non-prequalified vaccines), UN agencies, manufacturer associations and other stakeholders. 7 The principles of the 3Rs (Replacement, Refinement and reduction) of animals in research is a European-led initiative that provides an internationally recognized framework for more ethical animal use in testing. The 3Rs principles encourage alternatives to animal testing and, where the use of animals cannot be avoided, aim to reducing their use and improve animal welfare. For more information see https:// www.nc3rs.org.uk/the-3rs. I. Feavers (NIBSC) discussed vaccine testing using new methods developed during the vaccine life cycle, exemplified by the NIBSC Meningitis Group working with a manufacturer to assure vaccine batch quality by introducing an in vitro test to measure the presence of pyrogens, thereby reducing the use of animals. Another example is the histamine sensitization test for acellular pertussis vaccines that evaluated the CHO cell intoxication clustering assay in a collaborative study [21] . A third example is the evaluation of deep sequencing (DS) as an alternative for MAPREC 8 [22] in polio vaccines manufacturing. An international collaborative study with participating NCLs and vaccine manufacturers assessed consistency of OPV. Sabin poliovirus type 3 showed good correlation between MAPREC and DS. The study will build a database of mutational composition of seed viruses and vaccine batches from different manufacturers. The new approach could be applied to other licensed vaccines. D. Boyle and N. Agarwal (PATH) expressed the need for highquality antibodies to test and characterize PCV during R&D and manufacturing processes. In collaboration with a manufacturer, hybridomas were generated and screened for quality (e.g. absence of cross-reactivity, and binding affinity). In 2019, a set of 12 affordable mAbs will be commercially available. A second set of mAbs will follow. The solution presented here is a globally accessible, commercially sustainable repository of high-quality affordable mAbs against 24 of the most common pneumococcal serotypes.
G. Kersten (Intravacc) proposed a testing scheme for DTP 9 based-vaccines, to reduce the use of animals in manufacturing by serological alternatives, such as cell culture and immune-physicochemical methods. Potency tests for toxoid vaccines are based on a lethal challenge in animals although new methods for Tetanus [23] and Diphtheria [24] have received regulatory acceptance. An alternative serological potency test for Pertussis vaccines is proposed for use in conjunction with a T-helper cell responses (qualitative) assay. Alternatively, an ELISA 10 to quantify key antigens in wP vaccines could be used next to the serology assay. Such a consistency approach will support regulatory acceptance. A study outline is under consideration by stakeholders.
S. Boyle (BMGF) and K. Mahmood (PATH) jointly presented the establishment of international reference reagents for sIPV. In 2014, experts and vaccine manufacturers discussed assays to measure the D-antigen content of sIPV products and harmonization of potency tests. NIBSC assessed the suitability of WHO International Standard (IS) 12/104 for conventional IPV (cIPV) to measure sIPV products through a collaborative study including products from several manufacturers. Despite good performance of cIPV IS, it was considered unsuitable for sIPV. Assay validation and interlaboratory variability for in-house methods improved when using a sIPV sample as reference. A second collaborative study confirmed that D-antigen measurements of sIPV improved when using sIPV samples as reference. Based on characterization and stability data, the first WHO IS for sIPV was endorsed by the WHO Expert Committee on Biological Standardization in October 2018 [25] , and is available from NIBSC for use in potency testing.
Fostering regulatory convergence
E. Cooke (WHO) introduced WHO regulatory activities, focusing on the CRP for accelerating registration in emerging countries. The CRP is based on principles of cooperation, reliance, harmonization and voluntary information sharing to avoid duplication of efforts, enabling faster and efficient access to quality vaccines while respecting sovereignty and national decision-making. Thus far, 34 countries have accepted the CRP. Since 2013, the CRP has enabled registration of 350 medicines within an average of 90 days, and implementation of its principles contributed to achieving 26 vaccine registrations. In 2017, a Pentavalent was registered in Ethiopia within 6 months, and cholera vaccines were registered in Nigeria and Caribbean countries in 3-5 months. Still, there is a need to optimize the CRP for vaccines by better defining priority vaccines and priority countries. D. Maïga (WHO/AFRO) explained the impact of joint scientific and ethics reviews of clinical trial applications in Africa, where growing public health needs require faster access to qualityassured medical products. AVAREF facilitated the development Table 1 Comparative overview of CEPI, BMGF-SIF and GHIF funding assessments across six aspects (listed in the first column), including funding nature, targeted products, focus areas, typical value range of funds, funding structures and early/late phases of development funded. (Table courtesy Fostering NRA convergence and harmonization of procedures between countries requires the agreement of the manufacturer and/or sponsor, as well as agreement of the target countries (NRAs and ECs) following WHO/AVAREF guidance [26] . H. Langar (WHO/EMRO) described the CRP-facilitated registration of polio vaccines through joint dossier review in Eastern Mediterranean Region (EMR) countries. In 2015, WHO recommended the introduction of IPV, and to ensure at least two available brands of IPV were registered in any of 21 EMR countries: two countries lacked registered IPV and five countries had only one registered IPV brand. The joint registration procedure was legally accepted by the countries for issuance of a marketing authorization (MA), with commitment to no further testing or site inspections before granting the MA. A joint evaluation meeting, focused on IPV vaccine dossiers as submitted to the NRAs, was conducted in October 2014. [27] Participating NRAs reported to their respective registration committee for final decision, and five countries registered IPV in 2015. Notably, participation of manufacturers in the meeting accelerated the process, addressing questions and concerns expressed by NRAs.
N. Dellepiane (DCVMN) discussed possible improvements in vaccine registration procedures in emerging countries, addressing previously identified challenges. [28] The joint industry Regulatory Experts Working Group developed four proposals for streamlining procedures and alignment of dossiers. First, registration procedures could rely on WHO PQ certificates or apply the CRP. Dossier evaluation could rely on batch release data of tests and inspections already conducted by WHO. Registration procedures for non-PQ vaccines could rely on dossiers and data provided by the manufacturing country's NRA, through mutual recognition agreements, or based on release tests conducted by WHO-contracted laboratories (see U. Rosskopf, above). Second, alignment of dossier numbering systems across countries and regions could be improved by following the ICH CTD 11 (EU Notice to Applicants) [29] , also recognized by WHO. Third, use an application form template (proposed in tabular format), maintaining the three key sections and main subheadings. Fourth, consider pre-submission meetings between the applicant, regulators and post-marketing pharmacovigilance systems to improve registration procedures. Dr. Dellepiane concluded that more regulatory convergence practices can improve registrations and access to vaccines globally.
Novel initiatives to improve vaccine coverage and equity
B. Giersing (WHO) introduced two new multi-stakeholder initiatives to improve vaccine delivery. Total Systems Effectiveness (TSE) is a framework that assists decision-makers to identify and select vaccine products according to attributes that best meet their needs. Vaccine Innovation Prioritisation Strategy (VIPS) aims to prioritize delivery technologies with identified product attributes, to clarify to manufacturers and other stakeholders regarding investment decisions. Both TSE and VIPS assume that differentiated delivery approaches are needed, given that most unvaccinated populations live in clustered areas, located in key countries ( Fig. 5 ), focusing on poor and vulnerable populations.
Examples of such innovations include heat-stable/freeze-stable formulations, labelling to track temperature exposures, jetinjectors, powder-inhaler or nebulizer devices, compact pre-filled auto-disable devices/syringes, blow-fill-seal containers, integrated reconstitution devices, microarray patches and controlled temperature chain use of vaccines. D. Kristensen (PATH) moderated a discussion on innovative technologies, TSE, and VIPS to help countries enhance coverage and equity through suitable vaccines for specific needs.
R. Park (EuBiologics) mentioned that a change in OCV vial presentation, from glass to plastic, reduced the storage volume/cold chain footprint by 50%, and cost of goods by 30%, and also facilitated vaccine administration by field workers, thereby increasing OCV coverage and achieving set goals.
V. Hsu (BMGF) explained that BMGF sees community needs as the priority, and investment decisions in supporting OCV product innovations were driven by policies to expand the OCV stockpile from 200,000 doses in 2013 to 12 million doses in 2018, saving many lives.
R. Kapoor (National University of Singapore) noted that the TSE framework guides LMICs 12 to identify criteria for product selection. In MICs 13 , TSE brings different groups together to better inform the decision-making process and improve transparency, enabling comparison between different vaccines for the same disease, e.g. Rotarix and Rotateq, besides comparison of vaccines across diseases. The framework informs countries on cost, feasibility, packaging, schedule, etc., and helps manufacturers understand the basis for decisionmaking and needs. D. Hein (Gavi) confirmed that VIPS and TSE help Gavi drive vaccine innovation to meet country needs and support immunization coverage and equity. The process provides an aligned perspective and greater clarity to manufacturers to make informed investment decisions.
S. Jadhav (SII) stated that it may be costly for manufacturers to develop/produce many product variations driven by TSE and VIPS, therefore some uniformity based on the preferred product profiles defined by WHO, is needed. He added that introduction of new technologies should coexist with already established technologies for some time.
Global partners and DCVMN suppliers agreed that a stable vaccine supply is needed and that industry's understanding of demand and market evolution can help guide investment decisions.
Progress toward securing future vaccine supply
Y. Momeni (UNICEF) provided an update for 2017 ( Fig. 6) , where around 100 countries were supplied 2.4 billion doses of vaccine through UNICEF, at a value of US$1.3 billion, reaching 45% of children under 5 years of age.
[30] Eleven DCVMN companies supplied 1.3 billion doses (54%) of traditional vaccines at a value of US$400 million. The supply crises in early 2000, where UNICEF experienced severe vaccine shortages due to mergers, acquisitions and exits from the UNICEF market, highlighted the importance of longerterm forecasting for manufacturing planning to secure access to supply. Currently, UNICEF is experiencing insufficient supply of Rotavirus, IPV and HPV, and is relying on a limited supplier base for PCV, Typhoid and JE vaccines. UNICEF is in the process of implementing sustainable procurement approaches requiring manufacturing policies and encouraging innovations that reduce carbon footprint and waste disposal. N. Steensma (CHAI) offered support to companies to help develop their business strategy including building a business case for entering a market and gathering market intelligence. In light of Gavi transition and more countries becoming Middle Income Countries (MICs), and in response to requests from DCVM manufacturers, CHAI will increase its support to provide market intelligence on MICs.
R. Suri (Panacea) highlighted trust, transparency and fairness as key characteristics through dealing with UNICEF for many years, requesting better demand visibility, including changes related to vaccination campaigns. Improvement in multi-phased tenders, which led to market exits in Pentavalent, could be considered. There is consensus among manufacturers that it is very challenging to negotiate contractual terms which are outside of UNICEF's standard contractual arrangements.
L. Yang (CNBG) appreciated the collaboration with UNICEF on processes and forecasting, including proactive problem-solving leading up to, and after, becoming a supplier. She requested aggregate forecasts across UNICEF and self-procuring countries, and support to work with governments to even out demand spikes. She highlighted the great potential of Chinese suppliers, with 48 registered vaccine manufacturers.
L. Shi (Walvax) said that the company is committed to achieving WHO PQ, ensuring products meet international standards. Walvax highlighted their concerns regarding country product preferences, or lack of preference.
The panel agreed that WHO prequalification is an important international label for quality assurance and compliance, irrespective of country of production. Participants also discussed the challenges surrounding country product preferences, registration requirements and conflicting priorities, especially for products newly prequalified by WHO, where country programs drive for earlier access despite increased complexity in legislation and regulatory requirements. 
Closing lecture and concluding remarks
C. Nannei and S. Goldin (WHO) delivered the closing lecture focused on the progress and challenges for sustainable influenza vaccine production to ensure pandemic preparedness. A holistic approach to preparedness should include surveillance, evidencebased policies, strategies to deploy influenza vaccines, and sufficient vaccine supply. Considerations for rapid deployment of vaccines in an emergency include regulatory capacity, distribution systems, monitoring systems, healthcare workers' familiarity with influenza immunization, vaccination policies for target groups and communication strategies. From 2006 to 2016, global seasonal influenza vaccine manufacturing capacity tripled from 500 million doses to 1.5 billion doses. During the same period, the estimated global pandemic influenza production capacity grew from 1.46 billion to 6.37 billion potential doses. WHO is developing a new Global Influenza Strategy for 2019-2030 to be launched in early 2019, highlighting the need for sustainable local production of influenza vaccines. DCVMN is a key partner in global influenza preparedness and response activities as an advocate for sustainable vaccine production capacity in developing countries.
Presentations and discussions throughout the meeting demonstrated progress and achievements made possible by international cooperation and highlighted the importance of partnerships in fostering innovations for public health, particularly in developing countries. Over the years, the support of the Bill and Melinda Gates Foundation, through PATH and other partners, unlocked economies of scale and sustainable vaccine supply capacity for developing countries, as exemplified by partnerships on MenAfriVac, Rotavirus, Japanese encephalitis and new Polio vaccines to achieve WHO PQ and supply global markets. Pooled procurement/financing mechanisms utilized by PAHO Revolving Fund, UNICEF and GAVI, in partnership with countries, help to protect people against known and emerging infectious diseases. Partnerships with WHO enhanced influenza vaccine manufacturing capacity, thereby increasing pandemic influenza preparedness. Enduring partnerships are the basis to innovation and strengthening industry in developing countries over the coming decades. Manufacturers and partners can take pride in their collective work.
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